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1) The molecular motions during the trans-cis photoisomerization cycles sensitively respond to the polarization of the light. [2] [3] [4] The molecular alignment in the azopolymer film can be induced using linearly polarized light, and the surface relief grating (SRG) can be fabricated due to the macroscopic molecular movement under laser interference. 2, 3) These photoresponsive behaviors serve as the basis for photonic device applications; optical data storage, 5) micro-diffractive optics, 6) and electro-optic devices. 7) Various molecular structural features, such as, the free volume around azobenzene, the concentration of azobenzene, the length of side-chains, and the types of polymer main-chain, have been investigated in attempts to understand the structure-property relationships and to develop high photoresponsive materials (see Natansohn's review 2) and references therein). However, there are few reports focused on the effect of the absorption wavelengths of azopolymers. 8, 9) The optical pathway via photoexcited states must be understood systematically.
Azobenzene has two characteristic bands in the ultraviolet-visible (UV-vis) absorption spectrum; a weak n ! Ã transition and a strong ! Ã transition. 1) Since Magee suggested two pathways of the rotation and the inversion 10) and Rau suggested that the rotational isomerization occur via the Ã excitation and an inversion via the n Ã excitation in solution state, 11) considerable efforts have been made to understand the mechanism and the dynamics at the each excitation state.
1, [12] [13] [14] [15] The photoisomerization mechanism of donor-acceptor substituted azobenzene has received less attention than that of the azobenzene 1) although many practical applications have used it due to its high anisotropic property in solid state matrices. [2] [3] [4] [5] [6] [7] In this work, energy levels of the excited states were chemically tuned by substituting electron-donor and acceptor groups; -CF 3 , -CN, -CNCl, -NO 2 , and -(CN) 2 , and the photoinduced alignment of the azopolymers and the SRG formation were examined in terms of the spectra feature.
Five methacrylate-based azopolymers were used as shown in Fig. 1 . Detail synthetic procedures will be reported elsewhere. All the electron-donor substituents were fixed as an amino group, and different electron-withdrawing groups at the para (R 1 ) and meta (R 2 ) position of azobenzene were selected as CF 3 , CN, CNCl, NO 2 , and (CN) 2 . The molecular weights (M n ) of the azopolymers were in the range of 6,000 -9,000. The polymers showed similar glass transition temperature in the range of 103 -110 C due to the fact that the main-chain structure and the side-chain length were the same among the polymers. Optically transparent films with a thickness of 0.5 mm were prepared by a spin-coating using 10 wt % cyclohexanone solutions on glass substrates. The residual solvent was removed at 70 C under a vacuum for 5 h.
Photoinduced properties were examined using an Ar þ ion laser (Coherent, wavelength: 488 nm, intensity: 50 mW/ cm 2 ) as a pump beam and a He-Ne laser (633 nm, 0.5 mW) as a probe beam. The degree of photoinduced alignment in azopolymer films by the irradiation with linearly polarized light was estimated in terms of birefringence using Table. I ¼ I 0 sin 2 ðÁnd=Þ sin 2
where I is the transmitted intensity passing through the azopolymer film located between two cross-polarizers, I 0 is the intensity of the probe beam (0.5 mW), Án is the birefringence, d is the film thickness, is the wavelength of the probe beam (633 nm), and is the angle between the optical axis of induced birefringence and the polarization direction of the prob beam.
11) The optical set-up and the detailed procedures for the photoinduced alignment 16) and the SRG formation 3, 17) have been previously reported. Figure 2(a) shows the UV-vis absorbance (A 0 ) measured under dark condition. The trans-isomer was the dominant component because it is thermodynamically more stable than the cis-isomer.
1-3) It shows the characteristic spectrum of an electron donor-acceptor type, in which the Ã and n Ã transition bands are so close in energy with each others and an n Ã absorption is hidden by the intense Ã absorption.
1) The maximum absorption wavelength ( max ) of the trans-Ã transition was changed in the range of 423 -480 nm depending on electron-withdrawing strength of the substituent. It has been reported that highly polarized azobenzenes show red shifts of the Ã transition. 1, 8) In this study, the polarity was determined by combination of the R 1 and R 2 groups in the order of CF 3 < CN < CNCl < NO 2 < (CN) 2 . The azopolymer films was denoted as ''S1-S5'' as an increase in max of the trans-Ã transition.
For the cis-azobenzenes, the absorbance (A 1 ) was measured while the film was exposed to the pump beam. Figure 2(b) shows the spectral change (ÁA) defined by ÁA ¼ A 1 À A 0 . The negative ÁA corresponds to a decrease in the trans-population during the irradiation, and the positive ÁA to an increase in the cis-population.
15) The cis-n Ã transition appeared above 500 nm wavelength with a weak intensity [enlarged in the inset of Fig. 2(b) ] and the cis-Ã transition was below 400 nm wavelength. In the case of S1 film, the trans-Ã transition has the lowest absorbance at 488 nm wavelength of the pump beam, but the cis-n Ã transition is the closest to the laser wavelength. The difference between max of the cis-n Ã transition from the laser wavelength [Á max (cis, n Ã ) = max (cis, n Ã ) À 488 nm] is 47 nm for the S1 film and 147 nm for the S5 film. Figure 3 (a) shows the birefringence monitored for 10 min after turning on the pump beam. All curves gradually increased and then reached saturated birefringence value (S b ) with different speeds depending on the substituent. The S5 film shows the highest S b of 0.0508 and the S1 the lowest S b of 0.0190. It has been reported that the kinetics consists of two different alignment processes; one fast motion of local azobenzene groups and the other slow motion of polymeric segments. The curves fitting was done using the biexponential equation,
where y is the birefringence, t is the irradiation time, A is the contribution parameter for fast motion with rate constant k a , and B is for slow motion with k b . 18) For comparing the photodynamic property of the azobenzene molecular motion, the k a was plotted as a function of the maximum absorption wavelength of cis-n Ã transition, max (cis, n Ã ), as shown in the Fig. 3(b) . The S5 shows the smallest k a , which means the slowest movement responding to the polarized light. The rate increased in the order of CF 3 > CN > CNCl > NO 2 > (CN) 2 and the dramatic change was shown at the cis-n Ã transition of 573 nm. This could be explained in terms of cooperative alignment driven by a polar interaction between azobenzenes and polymer segments, as proposed previously. 2, 8) The highest polar (CN) 2 substituent might strongly interact with the polymer segments so the aligning speed was slower than the others. From a spectroscopic point of view, if the photoisomerization cycles prefer to proceed via the cis-n Ã transition state in the polymer solid matrices, it is reasonable that the S1 shows the most rapid increase of the photoinduced birefringence.
One unique feature of the photoinduced SRG formation by irradiation with interference laser beam is its strong dependence on light polarization. Therefore, the rate of SRG formation needs to be compared with that of birefringence. Figure 4 (a) shows the diffraction efficiency curves measured as a function of irradiation time. The SRG inscription rate increased from S5 to S2, which is the same order with the rate of photoinduced birefringence. The S5 reached to the hightest S b at the stationary state of the photoinduced alignment show the slowest rate of the SRG formation. Therefore, the amount of alligned azobenzenes in the film did not affect to the rate of SRG formation. We suggest that the cis-n Ã transition provide faster optical pathway for both of the photoinduced birefringence and the SRG formation instead of the cis-Ã transition. The reason that the S1 film showed slower rate of the SRG formation than the S2 might be the extremely small absorbance of trans-Ã transition at the laser wavelength. It might reduce the population of cisisomer under the irradiation and the speed of trans-cis-trans photoisomerization cycles.
In conclusion, the photodynamic properties of azopolymer films substituted with different electron-withdrawing groups were examined in the photoinduced alignment and the SRG formation phenomena. The Ã and n Ã transition spectra of trans and cis were measured under dark and light, respectively. As the wavelength of cis-n Ã transition approaches the excitation wavelength, the photoresponsive rate dramatically increased. From this result, we found that the dynamics of photoresponsive azobenzene molecular motions is strongly depending on the wavelength of cis-n Ã transition, which probably related to optical pathway for the cis-to-trans isomerization. For the purpose of the fast response of optical applications, the excitation wavelength of laser should overlap the wavelength of cis-n Ã transition band of azobenzene polymer used. 
